The general method for calculation of valence quark distributions in hadrons at intermediate x is presented. The imaginary part of virtual photon forward scattering amplitude on quark current with hadron quantum number is considered in the case, when initial and final virtualities of the current p 2 1 and p 2 2 are different, negative and large: | p 2 1 |, | p 2 2 |≫ R −2 c , where R c is confinement radius. The operator product expansion (OPE) in p 2 1 , p 2 2 up to dimension 6 operators is performed. Double dispersion representations in p 2 1 , p 2 2 of the amplitude in terms of physical states contributions are used. Equalling them to those calculated in QCD by OPE the desired sum rules for quark distributions in mesons are found. The double Borel transformations are applied to the sum rules, killing non-diagonal transition terms, which deteriorated the accuracy in the previous calculations of quark distributions in nucleon. Leading order perturbative corrections are accounted. Valence quark distributions in pion, longitudinally and transversally polarized ρ-mesons and proton are calculated at intermediate x, 0.2 < ∼ x < ∼ 0.7 and normalization points Q 2 = 2 − 5 GeV 2 with no fitting parameters. In cases of pion and proton the results are in agreement with found correspondingly from the data on the Drell-Yan process and deep inelastic scattering. Valence quark distributions in transversally and longitudinally polarized ρ-mesons are essentially different one from another and also differ from those in pion.
Introduction
Quark and gluon distributions in hadrons are not fully understood in QCD. QCD predicts the evolution of these distributions with Q 2 in accord with the Dokshitzer-Gribov-LipatovAltarelli-Parisi (DGLAP) [1] - [3] equations, but not the initial values from which this evolution starts. The standard way of determination of quark and gluon distributions in nucleon is the following [4] [5] [6] [7] [8] (for the recent review see [9] ). At some Q 2 = Q 2 0 (usually, at low or intermediate Q 2 ∼ 2 − 5GeV 2 ) the form of quark (valence and sea) and gluon distributions is assumed and characterized by the number of free parameters. Then, by using DGLAP equations, quark and gluon distributions are calculated at all Q 2 and x and compared with the whole set of the data on deep inelastic lepton-nucleon scattering (sometimes also with prompt photon production, jets at high p ⊥ etc; for pion -with the data on Drell-Yan process). The best fit for the parameters is found and, therefore, quark and gluon distributions are determined at all Q 2 , including their initial values q(Q 2 0 , x), g(Q 2 0 , x). Evidently, such an approach is not completely satisfactory from theoretical point of view -it would be desirable to determine the initial distribution directly from QCD.
I present you based on QCD method of the calculation of u and d valence quark distributions in hadrons at low Q 2 ∼ 2 − 5 GeV 2 and intermediate x. The idea of the method was suggested in [10] and developed in [11] [12] [13] . Recently, the method had been improved and valence quark distributions in pion [14] and transversally and longitudinally polarized ρ-meson [15] had been calculated, what was impossible in the initial version of the method. For valence quark distributions in proton the improved method [16] gave a much better agreement with experiment, than the earlier version [11] . The idea of the approach (in the improved version) is to consider the imaginary part (in s-channel) of a four-point correlator Π(p 1 , p 2 , q, q ′ ) corresponding to the forward scattering of two quark currents, one of which has the quantum numbers of hadron of interest and the other is electromagnetic. It is supposed that virtualities of the photon q 2 , q ′2 and hadron currents p 
c , where R c is the confinement radius. It was shown in [11] that in this case the imaginary part in s-channel
is dominated by a small distance contribution at intermediate x.
(The standard notation is used: x is the Bjorken scaling variable, x = −q 2 /2ν , ν = p 1 q). The proof of this statement, given in [11] , is based on the fact that for the imaginary part of the forward scattering amplitude the position of the closest to zero singularity in momentum transfer is determined by the boundary of the Mandelstam spectral function and is given by the equation . The approach is inapplicable at small x and x close to 1. This can be understood for physical reasons. In deep inelastic scattering at large |q 2 | the main interaction region in space-time is the light-cone domain and longitudinal distances along the light-cone are proportional to 1/x and become large at small x [17, 18] . For OPE validity it is necessary for these longitudinal distances along light-cone to be also small, that is not the case at small x. At 1 − x ≪ 1 another condition of applicability of the method is violated. The total energy square
is not large at 1 − x ≪ 1. Numerically, the typical values to be used below are
2 , i.e., at such x we are in the resonance region. So, one may expect beforehand, that our method could work only up to x ≈ 0.7. The inapplicability of the method at small and large x manifests itself in the blow-up of higher order terms of OPE. More precise limits on the applicability domain in x will be found from the magnitude of these terms.
The further procedure is common for QCD sum rules. On one hand the four-point correlator Π(p 1 , p 2 ; q, q ′ ) is calculated by perturbation theory and OPE.On the other hand, the double dispersion representation in p 2 1 , p 2 2 in terms of physical states contributions is written for the same correlator and the contribution of the lowest state is extracted using the Borel transformaion. By equaling these two expression the desired quark distribution is found.
The method
Consider the forward 4-point correlator:
Here p 1 and p 2 are the initial and final momenta carried by hadronic current j h , q and 
In order to construct representation of ImΠ(p 
The second and the third terms in the right-hand side (rhs) of (4) may be considered as subtraction terms to the last one -the properly double spectral representation. The first term in the rhs of (4) is the subtraction term to the second and third ones. Therefore, (4) has the general form of the double spectral representation with one subtraction in both variables -p (4). This transformation kills three first terms in rhs of (4) and we have
The integration region over u 1 , u 2 may be divided into 4 areas:
Using the standard QCD sum rule model of hadronic spectrum and the hypothesis of quark-hadron duality, i.e. the model with one lowest resonance plus continuum, one may see, that area I corresponds to resonance contribution. Spectral density in this area can be written as
where g h is defined as 0|j h |h = g h
(For simplicity we consider the case of the Lorenz scalar hadronic current.) If in
2 ) is the structure function, depending on the Bjorken scaling variable x and weakly on Q 2 = −q 2 . In area (IV), where both variables u 1,2 are far from resonance region, the non-perturbative effects may be neglected, and as usual in sum rules, the spectral function of hadron state is described by the bare loop spectral function ρ 0 in the same region
In areas (II),(III) one of the variables is far from the resonance region, but other is in the resonance region, and the spectral function in this region is some unknown function ρ = ψ(u 1 , u 2 , x), which corresponds to transitions like h → continuum. The areas II-III contributions are exponentially suppressed, and, using the standard hypothesis of quarkhadron duality, we may estimate them as a bare loop contribution in the same integration region. Equating physical and QCD representation of Π and taking into account cancellation of appropriate parts in the left and right sides, one can write the following sum rules:
It can be shown (see below), that for bare loop diagram ψ(u 1 , u 2 , x)) ∼ δ(u 1 − u 2 ), and, as a consequence, the areas II and III contributions are zero in our model of hadronic spectrum. It is worth mentioning that if we would consider the forward scattering amplitude from the beginning, put p 1 = p 2 = p and perform Borel transformation in p 2 , then unlike (5), the contributions of the second and third terms in (4) would not vanish. They just correspond to the non-diagonal transition matrix elements and are proportional to
From decomposition
it is clear that in this case (10) may contribute to the second (or third) term in (4) and after Borel transformation the contribution of the second term in (11) has the same Borel exponent e −m 2 h /M 2 as the lowest resonance contribution. The only difference is in pre-exponent factors: they are 1/M 2 in front of the resonance term and Const. in front of non-diagonal terms. This difference was used in order to get rid of non-diagonal terms: application of the differential operator (∂/∂(1/M
2 )e m 2 h /M 2 to the sum rule kills the Borel non-suppressed nondiagonal terms, but deteriorates the accuracy and shrinks the applicability domain of the sum rule (particularly, the domain in x, where the sum rule is valid).
Quark distributions in pion
It is enough to find the distribution of valence u-quark in π + , sinced(x) = u(x). The most suitable hadronic current in this case is the axial current
In order to find the u-quark distribution, the electromagnetic current is chosen as u-quark current with the unit charge j el µ =ūγ µ u
The bare loop Fig.1 contribution is given by
It is convenient to introduce
The tensor structure, chosen to construct the sum rule is a structure proportional to P µ P ν P λ P σ /ν. The reasons are the following. The results of the QCD sum rules calculations are more reliable, if invariant amplitude at kinematical structure with maximal dimension is used. Different p 1 = p 2 are important only in denominators, where they allow one to separate the terms in dispersion relations. In numerators one may restrict oneself to consideration of terms proportional to 4-vector P µ and ignore the terms ∼ r µ . Then the factor P µ P ν provides the contribution of F 2 (x) structure function and the factor P λ P σ corresponds to contribution of spin zero states. (The factor 1/ν is scaling factor : w 2 = F 2 /ν.) Let us use the notation
Then ImΠ(p 2 1 , p 2 2 , x) can be calculated from (14) and the result is [14] :
The matrix element of the axial current between vacuum and pion state is well known
where f π = 131MeV . The use of (9), (17), (18) gives the sum rule for valence u-quark distribution in pion in the bare loop approximation [14] :
where s 0 is the continuum threshold. In ref. [14] the following corrections to (19) were accounted:
1. Leading order (LO) perturbative corrections, proportional to ln(Q 2 /µ 2 ) , where µ 2 is the normalization point. In what follows the normalization point will be chosen to be equal to the Borel parameter µ 2 = M 2 . 2. Higher order terms of OPE. Among the latter, the dimension-4 correction, proportional to gluon condensate 0| αs π G n µν G n µν |0 was first accounted, but it was found that its contribution to the sum rule vanishes after double borelization. There are two types of vacuum expectation values (v.e.v) of dimension 6: one, where only gluonic fields enter:
and the other, proportional to four-quark operators 0|ψΓψ ·ψΓψ|0
It was shown in [14] that terms of the first type cancel in the sum rule and only terms of the second type survive. For the latter one may use the factorization hypothesis which reduces all the terms of this type to the square of quark condensate. A remark is in order here. As was mentioneed in the Introduction, the present approach is invalid at small and large x. No-loop 4-quark condensate contributions are proportional to δ(1 − x) and cannot be accounted. In the same way, the diagrams, which can be considered as a radiative corrections to those, proportional to δ(1 − x), must be also omitted.
All dimension-6 power corrections to the sum rule were calculated in ref.'s 14,15 and the final result is given by:
where ω(x) is 4-order polynomial in x, (for its explicit form see [14] ),
u π (x) may be used as an initial condition at Q 2 = Q 2 0 for solution of QCD evolution equations (DGLAP equations).
In numerical calculations we choose: the effective LO QCD parameter Λ
The value of the latter is taken from the recent best fit of hadronic τ -decay data [19] and corresponds to α s ψψ 2 = (2.2 ± 0.7) · 10 −4
GeV 6 . The continuum threshold was varied in the interval 0.8 < s 0 < 1.2GeV 2 and it was found, that the results only slightly depend on it. The analysis of the sum rule (22) shows, that it is fulfilled in the region 0.15 < x < 0.7; the power corrections are less than 30% and the continuum contribution is small (< 25%). The stability in the Borel mass parameter M 2 dependence in the region 0.4GeV 2 < M 2 < 0.6GeV 2 is good. The result of our calculation of valence distribution in pion xu π (x, Q 2 0 ) is shown in Fig.2 .
Suppose, that at small x < ∼ 0.15 u π (x) ∼ 1/ √ x according to Regge behaviour and at large x > ∼ 0.7 u π (x) ∼ (1 − x) 2 according to quark counting rules. Then, matching these functions with (22) , one may find the numerical values of the first and second moments of u-quark distribution
M 1 has the meaning of the number of u-quarks in π + and should be M = 1. The deviation of (24) from 1 characterizes the accuracy of our calculation. M 2 has the meaning of the part of pion momentum carried by valence u-quark. Therefore, valence u andd quarks are carrying about 40% of the total momentum. In Fig.2 are plotted also the valence u-quark distribution found in [4b] by fitting the data on production of µ + µ − and e + e − pairs in pion-nucleon collisions (Drell-Yan process).
Quark distributions in ρ-meson
The choice of hadronic current is evident
The matrix element ρ + | j ρ µ | 0 is given by
where m ρ is the ρ-meson mass, g ρ is the ρ − γ coupling constant, g 2 ρ /4π = 1.27, e µ is the ρ-meson polarization vector. Consider separately u-quark distributions in longitudinally and transversally polarized ρ-mesons. It was shown in [15] , that for determination of u-quark distribution in longitudinal ρ-meson the most suitable tensor structure is that, proportional to P µ P ν P σ P λ , while u-quark distribution in transverse ρ can be found by considering the invariant function at the structure −P µ P ν δ λσ . In case of longitudinal ρ-meson the tensor structure, which is separated is the same, as in the case of pion. Since at m q = 0 bare loop contributions for vector and axial hadronic currents are equal, the only difference from the pion case is in the normalization. It can be shown, that u-quark distribution in longitudinal ρ-meson can be found from (22) by substitutions m π → m ρ , f π → m ρ /g ρ and therefore
where xu π (x) is given by (22) . (The numerical values of M 2 and s 0 differ in the cases of pion and longitudinal ρ-meson). After separation of the invariant function at the structure P µ P ν δ λσ in box diagram we find u-quark distribution in transversally polarized ρ-meson in bare loop approximation:
, unlike u π (x) 0 and u L ρ (x) 0 . Another essential difference in comparison with pion and longitudinal ρ arises due to the fact that gluon condensate and G 3 operator contributions are nonvanishing in the sum rule for u T ρ (x). Valence u-quark distribution in transversally polarized ρ-meson is given by
where ξ(x) and χ(x) are polynomials in x [15] . In numerical calculations the values of parameters were chosen: M 2 = 1 GeV 2 (this value is in the middle of stability interval in [20] , G 3 vacuum expectation value was estimated according to instanton model [21] . The effective instanton radius, was taken to be equal ρ c = 0.5 fm. The other parameters are the same as in calculation of xu π (x). On 
Quark distributions in proton
Consider the 4-current correlator which corresponds to the virtual photon scattering on the quark current with quantum number of proton:
where η(x) is the three-quark current
As was shown in [11] and generalized to nonequal p 1 , p 2 in [16] the sum rules should be written for invariant amplitude at the structurepp µ p ν (it what follows it will be denoted by ImT /ν). The bare loop diagram is shown on Fig.4 . The result of its calculation after the double Borel transformation are the same as in the case for equal p 1 = p 2 [11] :
where
s 0 is the continuum threshold
The sum rules for u and d-quark distributions q(x) u(d) in bare loop approximation are:
Here λ N is the coupling constant of proton with the current 0|η|p,
The first and second moments of quark distributions, with account of proton mass sum rule in the same approximation, coincide with quark model results, as it should be. QCD evolution was accounted as leading order (LO) correction to bare loop formulae (see [16] ). In OPE the contributions of d = 4 operator (gluon condensate) and d = 6 operator (α s times quark condensate square) was calculated. I present here results as the ratio to bare loop contributions: showed, that u-quark distribution is reliable at 0.15 < x < 0.65, its accuracy is about 25% in the middle of this interval and decreases to 50% at the ends of interval; d-quark distribution is reliable at 0.25 < x < 0.55 with an accuracy of about 30% in the middle and is given by a factor of 2 at the ends of interval. In the limit of these accuracies the theoretically calculated valence quark distributions are in agreement with those found from deep inelastic scattering and other hard processes data. 
